Abstract: With improvements in genetics and oncology, and increased crosssectional imaging, there is rapid expansion in the existing knowledge regarding diagnosis and management of pheochromocytomas and paragangliomas (PPGL). According to the 2017 World Health Organization (WHO) Classification of Tumors of Endocrine Organs, genetic cancer susceptibility is more frequent in endocrine cancers, especially PPGL cancers. Imaging plays an important role in the diagnosis and staging of disease, as well as part of surveillance in the heritable syndromes. In this chapter, we review the imaging characteristics of PPGL, under both anatomic and physiologic imaging modalities, supported with multiple clinical examples. We allude to the role of imaging in specific scenarios, such as genetic syndromes, and describe some of the relevant recent advances particularly as related to physiologic imaging.
INTRODUCTION
Pheochromocytomas and paragangliomas (PPGLs) present a clinical challenge due to their variable clinical presentation and the high proportion of clinically silent tumors (1) , reported to be 76% on an autopsy series published in 1979 (2) . With advances in and increased utility of imaging techniques, more cases of silent PPGL are being uncovered. In their review of 201 cases between 1973 and 2007 , Kopetschke and colleagues reported that before 1985, less than 10% of cases were discovered incidentally, while this number increased to more than 25% for cases thereafter (3) . Recent population studies and advances in the field of genetics have also revealed that PPGLs are associated with underlying germline mutations in up to 41% of cases (4, 5) .
Despite increased detection, PPGLs remain relatively uncommon, with an estimated prevalence of 1 in 2000 to 1 in 6500 (4, 6) . The importance of radiologic awareness about these tumors lies in their silent presentation and variable radiologic appearance. Typically, paragangliomas of the head and neck arise from parasympathetic ganglia and are non-secretory, while those in the trunk originate from sympathetic ganglia and tend to secrete norepinephrine (7) . We will present a radiologic overview of pheochromocytomas and trunk paragangliomas encompassing both morphologic and functional imaging modalities.
IMAGING INDICATIONS
PPGLs can arise in various parts of the body, but they are classified by anatomic location into intra-adrenal and extra-adrenal sites. In contrast to head and neck paragangliomas, abdominal or trunk PPGLs arise from thoracic and abdominal sympathetic ganglia, producing catecholamines (8, 9) . Imaging can be utilized at different stages of PPGL disease course. Diagnostic imaging for screening purposes can be offered for patients with germline mutations and high-risk syndromes (Figure 1 ), such as multiple endocrine neoplasia (MEN) types 2 and 3, von Hippel-Lindau (VHL), neurofibromatosis type 1 (NF1), and succinate dehydrogenase (SDH) mutations (10) . This can be done with whole body positron emission tomography (PET) combined with computed tomography (CT) or magnetic resonance imaging (MRI) as in PET/CT or PET/MRI, or with anatomic imaging alone such as MRI or CT of the abdomen and pelvis. The frequency of imaging usually depends on the patient' s age and the specific underlying mutation or syndrome.
In patients with clinical suspicion or laboratory evidence of PPGL, imaging is usually performed to localize the lesion and evaluate for any metastatic disease, often with a CT or MRI of the abdomen and pelvis (4). The chest is not usually scanned due to the very low incidence of mediastinal location, estimated at less than 2% of paragangliomas (11) . If anatomic imaging is negative, and clinical suspicion is still high, then functional imaging might be the best next step. Genetic testing should be considered for those patients to evaluate for underlying germline mutations or syndromes (4) . Early stage surgery is typically curative. However, patients often present at later stages and once symptomatic. During and after the treatment course, patients will require imaging for restaging and surveillance. Patients with incidentally detected lesions are generally referred for clinical and biochemical evaluation, to be followed by additional imaging if needed.
ANATOMIC IMAGING
The imaging appearance of pheochromocytoma is variable on all imaging modalities and slightly less variable for paragangliomas. This decreases the confidence of radiologic diagnosis for these lesions, although the typical retroperitoneal location and hyper-enhancement assists in narrowing down the differential diagnosis. The classical teaching for PPGLs is the 10% rule, where it was thought that 10% are extra-adrenal, 10% are bilateral, 10% are metastatic, 10% are familial, and 10% are asymptomatic or not associated with hypertension (7) . As mentioned earlier, the 10% estimation for familial or genetic predisposition is an underestimate. Moreover, the rate of metastasis for trunk paragangliomas is much higher than that for adrenal pheochromocytomas, reaching up to 60% in some case series (12, 13) . As for the location, paragangliomas, also referred to as extra-adrenal pheochromocytomas (EAPs), constitute at least 15% of PPGLs in adults and 30% in children (14) . The vast majority of EAPs occur in the retroperitoneal para-aortic region between the diaphragm and the lower poles of the kidneys, with the specific most common location being the organ of Zuckerkandl, between the origin of the inferior mesenteric artery and the aortic bifurcation (7, 15) . A small percentage can be in the mediastinum, and in the urinary bladder, with the textbook clinical presentation of the latter being "micturition-induced attack of palpitations and syncope."
Ultrasound
The adrenal glands are easily detected on ultrasound in neonates, but become more challenging to visualize in older children and adults. Adrenal and retroperitoneal lesions may or may not be seen on ultrasound, depending on the lesion size, patient body habitus, and the operator. Ultrasound is not the modality of choice for evaluating or screening for adrenal lesions, pheochromocytomas, or paragangliomas in adults. When detected on ultrasound, pheochromocytomas tend to be of heterogeneous echogenicity and can be partially cystic or necrotic ( Figure 2 ).
Computed tomography
On CT, pheochromocytomas have a higher CT density than adrenal adenomas. A cutoff CT density of less than 10 Hounsfield units (HU) provides 100% sensitivity for diagnosing an adrenal adenoma, with a relatively low specificity of 40.5% (16) . This is why, currently, adrenal nodules with a CT density of more than 10 HU undergo further workup. Calcifications have been described in 10-12% of cases of pheochromocytomas and are better appreciated on noncontrast CT (17, 18) . Intralesional hemorrhage, cystic changes, and necrosis have also been described with PPGLs, which can give them heterogeneous CT density on noncontrast scans. The imaging appearance of paragangliomas is generally similar to pheochromocytomas (7, 19) .
With contrast administration, PPGLs tend to enhance rapidly and avidly due to a rich capillary network (Figures 3 and 4) . Adrenal adenomas usually demonstrate milder enhancement than pheochromocytomas or malignant tumors but have faster washout. Absolute washout of more than 60% or relative washout of more than 40% has been previously accepted as being characteristic of benign adrenal adenoma, although more recent studies have suggested that a good proportion of pheochromocytomas, potentially up to one-third, can have washout characteristics similar to benign adenomas (20, 21) .
The safety of iodinated contrast administration to patients with pheochromocytomas has been questioned in the past due to incidents of hypertensive crisis after angiography with ionic (high-osmolar) contrast media; there is no evidence, however, of any serious adverse events occurring with the use of newer non-ionic (low-osmolar) iodinated contrast agents and, based on a small prospective study from the National Institute of Health, it is currently considered safe and acceptable to perform contrast-enhanced CT studies for those patients who are not receiving alpha-or beta-blockers (22) .
Magnetic resonance imaging
On MRI, like most tumors, pheochromocytomas demonstrate hypointense signal on T1 weighted images and hyperintense signal on T2 weighted images. This rather noncharacteristic appearance renders MR nonspecific for the diagnosis of pheochromocytoma, despite its high sensitivity. Classically, pheochromocytomas were described to have a very hyperintense signal on T2 weighted images, giving them a "light bulb" manifestation; this sign is distinctive in only 10% of lesions but might be helpful in two-thirds d of pheochromocytomas (23) . Another classical sign of paragangliomas, seen both on T1 and on T2 weighted images, is "saltand-pepper" appearance, which is seen due to the presence of punctate areas of low-signal intensity corresponding to flow voids from tumor vascularity, and hyperintense signal corresponding to areas of hemorrhage in the tumor. This sign has been described more with head and neck paragnagliomas than with trunk paragnagliomas, and is also neither sensitive nor specific, as it can be seen with any hypervascular tumor, namely, in angiofibromas (19) . Chemical shift imaging can diagnose intralesional microscopic fat such as that typically seen in adrenal adenomas, but it does not accurately differentiate adenomas from pheochromocytomas because the latter can contain intralesional fat from lipid degeneration (24, 25) . Signal heterogeneity within the tumor due to hemorrhage, cystic transformation, and calcifications remains a helpful feature in differentiating pheochromocytomas from benign adenomas ( Figure 5 ). Paragangliomas again demonstrate imaging features similar to pheochromocytomas. Enhancement characteristics on MRI are similar to CT, as PPGLs demonstrate rapid and avid enhancement, but up to one-third of pheochromocytomas have overlapping washout characteristics with adrenal adenomas (20, 21) . 
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PHYSIOLOGIC IMAGING
An advantage of functional imaging or scintigraphy over anatomic imaging is imaging the physiologic basis of disease, as well as the ability to perform whole body imaging, which is useful in the localization of extra-adrenal tumors, metastases, and evaluation of recurrent disease. Functional imaging helps to maximize sensitivity and specificity for the detection of PPGLs, which often have a variable presentation, with nonspecific anatomic imaging appearance. Diagnosis can be challenging due to their heterogeneous location and inconsistent presentation.
Nuclear scintigraphy
With scintigraphy, whole body planar two-dimensional images can be performed followed by dedicated single photon emission computed tomography (SPECT), which can be fused or co-registered with CT images (SPECT/CT) of a specified body region to improve localization and detection of lesions which might be obscured by normal background activity, for example, the liver, bowel, or kidneys. SPECT/CT allows direct simultaneous correlation of functional and anatomic imaging. Whole body scintigraphy has the advantage of demonstrating additional sites of disease, which is especially useful in several of the syndromes associated with PPGLs, and could be used for screening, followed by dedicated anatomic imaging. Functional imaging examinations are performed using I-131 and I-123 metaiodobenzylguanidine (MIBG), In-111 pentetreotide (Octreoscan, Covidien), and several PET ligands including F-18 fluorodopamine, 18F-dihydroxyphenylalanine (DOPA), F-18 fluoro-2-deoxy-D-glucose (FDG), and Ga-68 [DOTA-0-Tyr-3] octreotate (DOTATATE) (10) . Ga-68 DOTATATE is a PET radiopharmaceutical linked to a peptide that binds to somatostatin receptors (SSTRs), and it represents the first approved PET agent for somatostatin receptor imaging in the United States by the Food and Drug Administration (FDA), and the only one so far.
Iodine-123 (I-123) or iodine-131 (I-131) meta-iodobenzylguanidine scintigraphy
MIBG is the most common and available imaging technique in the functional assessment of pheochromocytomas and has historically been the gold standard. MIBG is a structural and functional analog of norepinephrine and guanethidine. Uptake occurs chiefly via the energy-dependent type I amine uptake mechanism with initial localization to presynaptic adrenergic nerves in the adrenal medulla, sympathomedullary tissue, and neural crest tumors derived from chromaffin tissue. Retention of MIBG within the cytoplasmic intravesicular neurosecretory granules permits scintigraphic detection in the adrenal medulla, pheochromocytomas, extraadrenal paragangliomas, and neuroblastomas.
The uptake of radiotracer is proportional to the neurosecretory granule density within the tumor (26, 27) . PPGL typically appears as intense focal MIBG uptake, with high tumor-to-background ratio (28, 29) . The sensitivity of I-123 MIBG has been reported to range from 77 to 95%, with a specificity of 95-100% (26, (30) (31) (32) (33) .
Scenarios where MIBG has lower sensitivity for PPGL include tumors above the diaphragm (34, 35) , small tumors, or those that are necrotic and/or dopamine secreting (36, 37) , and sometimes metastatic disease (38) . The lower sensitivity has also been attributed to the variable affinity of MIBG to the amine transport system, the variable amount of cytoplasmic storage granules, and the loss of the amine transport system in dedifferentiated tumors (10, 26) . MIBG has a reported false negative rate of 13% mainly due to the lack of sufficient tracer uptake in the lesion for reasons discussed above (39, 40) .
SPECT/CT improves sensitivity and specificity ( Figure 6 ); in one case series, MIBG SPECT/CT was shown to increase diagnostic certainty in 89% of discordant CT and planar MIBG cases (41, 42) . MIBG can be labeled with either I-131 or I-123. Although it is more expensive, I-123 MIBG is the preferred radiopharmaceutical because it produces much better image quality with lower radiation exposure, particularly in children, and has now largely replaced imaging with I-131 MIBG. MIBG is cleared primarily by the kidneys and is not dialyzable; it should not be used in anephric patients. The use of this radiopharmaceutical should be avoided in pregnant and breast-feeding patients. Radiation dose to the thyroid gland should be minimized by blocking of thyroidal radioiodine uptake or free iodide, with stable iodine administered orally, typically with a saturated solution of potassium iodide (29) . Many drugs interfere with uptake of MIBG, particularly tricyclic antidepressants, sympathomimetics (e.g., pseudoephedrine), and certain anti-hypertensives (e.g., labetalol, reserpine, and calcium channel blockers) (43) . Several mechanisms of pharmacological interaction have been described, including inhibition of the sodium-dependent uptake system and of active transport into storage vesicles, competition for transport into vesicles, depleted storage vesicle content, and calcium mediation, among others.
Somatostatin receptor scintigraphy/somatostatin analogue imaging
SSTRs are expressed in many cells and majority of tumors of neuroendocrine origin including PPGLs (44) , which can express SSTRs, which allows the use of somatostatin receptor imaging in the diagnostic process. Somatostatin is a naturally produced 14 amino acid peptide. Five SSTRs have been characterized to date, including SSTR1, 2 (A and B), 3, 4, and 5, with SSTR-2 and SSTR-5 expressions exhibited in 70-90% of all NETs (45, 46) . Somatostatin hormone itself is not useful for therapy or imaging, with a short biologic half-life of 2-4 min. Several radiopharmaceuticals have been developed that bind to somatostatin receptors and can be used to image PPGLs, with less rapid enzymatic degradation and a longer half-life of 1.5 to 2 h (44).
Indium (In)-111
In-111 pentetreotide (Octreoscan) is produced by chelating the radionuclide In-111 to octreotide (an 8 amino acid somatostatin analogue) by diethylenetriamine penta-acetic acid (DTPA). In-111 is produced in a cyclotron and decays by electron capture and has a physical half-life of 67 h. It emits principal gammas at 174 and 247 kiloelectron volts (keV). It detects neuroendocrine tumors that contain SSTRs, including vasoactive intestinal peptide tumors, insulinomas, gastrinomas, and PPGLs. In-111 pentetreotide is a conjugate of octreotide that binds to SSTRs on a variety of cells. This octapeptide concentrates in tumors containing a high density of SSTRs for example, neuroendocrine and some non-neuroendocrine tumors. In addition to these tumors, normal organs such as the pituitary, thyroid, spleen, liver, kidneys, and urinary bladder are also visualized, and this agent is taken up in some granulomatous and autoimmune processes due to the presence of SSTR-positive activated mononuclear leukocytes.
Due to its long half-life, whole body In-111 planar images are typically performed after 24 h and once interfering background activity is renally cleared, followed by SPECT/CT that increases the sensitivity to detect SSR-positive disease and provides better anatomic and functional lesion delineation versus planar imaging alone (47) . Imaging after 48 h may be performed if there is persistent bowel activity, which may mask disease in the abdomen. The radiopharmaceutical is rapidly cleared predominantly by the kidneys, with >90% clearance by 24 h. There is early uptake in the lungs, spleen, and blood pool. At 24 h, splenic uptake is greater than liver and bone marrow, as well as the kidneys. There is less uptake in the gallbladder, bowel, bladder, thyroid, and pituitary gland. There is some hepatobiliary clearance into the bowel, and laxatives can be used to clear bowel activity to aid in the interpretation of abdominal images.
Some normal tissue can also express SSTRs, leading to visualization of SSTRpositive "lesions" that are not related to pathology, often termed false-positive findings (48) . Examples include the visualization of the gallbladder, thyroid abnormalities, accessory spleens, recent cerebrovascular accidents, and activity at the site of a recent surgical incision (48, 49) . A 4-point scale, termed the Krenning scale, for visual grading of scintigraphic uptake using In-111 pentetreotide was developed based on the ratio of tumor:liver uptake (49) . Sensitivity for detection of pheochromocytomas and neuroblastomas with SSTR imaging is comparable to that of MIBG scintigraphy, although SSTR imaging has a higher sensitivity for detection of nearly all other neuroendocrine tumors than MIBG scintigraphy.
In-111 pentetreotide is not typically considered a first-line diagnostic tool for imaging metastatic pheochromocytomas and it is also taken up by granulomas, autoimmune diseases and other tumors which could be potential causes of falsepositives (50, 51) . It is mainly used for the assessment of dedifferentiated pheochromocytomas that no longer express the amine transporter system (MIBGnegative), detection of metastases (10, 50), and detection and staging of other neuroendocrine tumors containing SSRs, especially carcinoid tumors, paragangliomas (Figure 7) , gastrinomas, and other pancreatic islet cell tumors. Most paragangliomas are readily detected by In-111 scintigraphy, which often detects additional lesions or other metastatic foci. There are some limitations to SSTR scintigraphy with In-111 pentetreotide, including reduced detection of smaller lesions compared to DOTATATE PET imaging, and high physiologic background uptake, for example, in the liver, because of the suboptimal physical characteristics of the radiopharmaceuticals and the lower resolution of gamma cameras (52) .
POSITRON EMISSION TOMOGRAPHY
Several PET radiopharmaceuticals are in production and readily available for use in the diagnostic workup of PPGLs. PETCT provides higher resolution images, with greater signal-to-noise ratio relative to SPECT/CT. The newer time-of-flight imaging also results in greater sensitivity.
F-18 Fluorodeoxyglucose PET/CT
18 F-FDG is a glucose analog that becomes trapped within cells and is not dephosphorylated. Uptake reflects metabolism, usually increased in tumors. The role of FDG PET in PPGL is usually secondary, for evaluating dedifferentiated tumors that may be heterogeneous on SSTR imaging with In-111 or Ga-68 DOTATATE, and can exhibit a flip-flop phenomenon in tumors that lack SSRs or an amine transport system (53) . FDG PET is a useful modality for detecting and confirming metastases in patients with a primary extra-adrenal tumor that is FDG PETpositive (10) . FDG PET has been proposed for the localization of neoroendocrine tumors (NETs) and high-grade poorly differentiated NETs with aggressive behavior and for the prognosis and localization of synchronous/metachronous non-NET malignancy. Increased FDG uptake is also seen with mutations involving one of the genes encoding the SDH complex, while lower uptake can rule this out (53) . It has also been noted that head and neck paragangliomas arising in the parasympathetic chain may show very low uptake, unlike tumors arising from the sympathetic nervous system (53).
Gallium-68 PET/CT SSTR analogues
SSTR PET uses somatostatin analogs (SSAs) with 68Ga-1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)-conjugated peptides for imaging. These could include agonists such as Ga-68 [DOTA-0-Tyr-3] octreotide (DOTATOC), DOTATATE and 68Ga-DOTA,1-Nal3-octreotide (68Ga-DOTANOC), or antagonists such as 68Ga-NODAGA-JR11 (68Ga-OPS202) (54) . These PET agents have emerged in the last decade as very strong and accurate imaging tools. Gallium-68 SSTR analogues all have high affinity binding to SSTR subtypes 2 and 5 (55) . These are radiolabeled SSTR analogues, similar to In-111 
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pentetreotide, but coupled with a positron emitter and hence enable imaging by PET/CT or PETMR, offering higher resolution and better imaging characteristics compared to planar or SPECT imaging with In-111 pentetreotide. Gallium 68 is a positron emitter produced from a Germanium generator. Ge 68 has a T ½ of 270.8 days, and the generator can be used for 6-12 months. Ga-68 has a T ½ of 68 min. There are currently three available Ga-68 DOTA conjugate peptides for PET imaging, including 68Ga-DOTATOC, 68Ga-DOTANOC, and 68Ga-DOTATATE (56) . Affinity for SSTRs varies, and DOTA-NOC has added affinity for SSTR3 (57) .
Ga-68 DOTATATE, with affinity to SSTR 2 and 5, was approved for use by the FDA in June 2016 (NETSPOT®). 68 Ga-DOTATATE is indicated for localization of SSTR-positive NETs in both adults and children. Typical normal biodistribution is uptake in the pituitary, thyroid, adrenals, liver, spleen, uncinate process of pancreas, kidneys, and bladder. The method of evaluation is similar to octreoscan. Focal increased activity, not typical of normal distribution, is suspicious for disease (Figures 8 and 9 ). Similar to In-111 pentetreotide, false-positive findings can be seen and misinterpreted, and it is important to be aware of normal distribution and variants. No set diagnostic criteria currently exist for DOTATATE imaging, although there has been a proposal to standardize the reporting criteria using a 5-point structured system (54) . 
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A clinical question or scenario that often arises is whether Ga-68 DOTATATE imaging should be performed while patients are on SSAs. Patients on long-acting SSAs usually receive their treatment every 4 weeks, and the routine practice is to schedule the study directly before the next scheduled dose, which permits a time period of at least 3 weeks after the long-acting SSA. SSTR imaging after recent longacting SSA therapy administration might alter the biodistribution in a way that makes the tumor more conspicuous, leading to an apparent "pseudoprogression," as it results in increased intensity of tracer uptake within metastases, with decreased background uptake in the thyroid, spleen, and liver (58). The authors suggested that pre-dosing with SSA prior to peptide receptor radionuclide therapy (PRRT) may enable higher doses to be delivered to tumor while decreasing dose to normal tissues. Kwekkeboom (49) described this before in relation to SSA therapy prior to scintigraphy with In-11 pentetreotide, describing the possibility of diminished uptake in the spleen due to ongoing treatment with (unlabeled) octreotide, which may be accompanied by a lower liver uptake. This could be misinterpreted as "increased" uptake in the case of liver metastases. However, neuroendocrine tumors often remain visible during treatment with unlabeled octreotide as not all the SSTRs are occupied by the cold/unlabeled octreotide despite high-dose therapy. Thus, in practice, based on available evidence so far, it is acceptable to perform Ga-68 DOTATATE study regardless of the timing related to SSA therapy.
18F-fluorodopamine and 18F-fluorodopa PET/CT
18F-fluorodopamine and 18F-DOPA (6-fluoro dopamine-3,4-dihydroxyphenylalanine) PET/CT have been used to image noradrenaline and amino acid transporter expression, respectively. 18F-DOPA, a precursor to dopamine, is a well-established tool to explore pheochromocytomas (28) .
18F-DOPA is thought to be a better substrate for the amine transport system than norepinephrine and DOPA and may yield improved sensitivity over MIBG in metastatic pheochromocytomas, MEN2-related tumors, SDH iron-sulfur subunitnegative tumors, and SDH-positive lesions (59) . There is reported higher accuracy of 18F-DOPA for imaging well-differentiated neuroendocrine neoplasms as compared to conventional imaging and gamma camera scintigraphy, with the main clinical indication being tumors with low/variable SSTR expression (57) . It has been noted that PPGLs associated with the parasympathetic system typically demonstrate intense uptake with 18F-fluorodopamine,18F-FDOPA, or 68Ga-labelled DOTA-coupled peptides, regardless of their genetic profile (57) .
Fluorine-18-fluorodopamine has a reported sensitivity of up to 100% for primary pheochromocytomas and has depicted pheochromocytomas that were occult on MIBG imaging (26) . 18F-DOPA also has limited availability and synthesis is costly; these factors limited its widespread use.
RECENT ADVANCES IN IMAGING
Recent advances in the fields of imaging and nuclear medicine correlate mostly to the introduction of new targeted imaging agents, such as PET imaging of SSTRs, as well as targeted therapeutic agents.
18F-meta-fluorobenzylguanidine
18F-MFBG appears highly promising for imaging of patients with NETs, especially children, allowing for same-day imaging (60) . This has advantages over I-123 MIBG scintigraphy, with the use of a PET imaging agent that would allow for same-day imaging with superior resolution and quantitation of the tracer uptake in lesions associated with PET imaging compared to planar or SPECT scintigraphy, and without the need of thyroid blockade.
Treatment and treatment response evaluation
Radionuclide therapy involves systemic administration of targeted radiolabeled peptides with high affinity to the relevant receptor. Treatment with 131I-MIBG has been successfully used in malignant and metastatic pheochromocytomas as an adjunct to surgery and chemotherapy (61, 62) . Lutetium 177 DOTATATE therapy has also been used in metastatic PPGLs.
I-131 MIBG therapy
The specific high uptake of MIBG in neuroectodermal tumors, including PPGLs, has led to the development of high-dose I-131 MIBG as a semi-selective therapeutic agent to treat metastatic PPGLs in refractory cases who failed conventional therapy, or as an adjunct to conventional therapies. Several series have demonstrated a moderate objective response rate, symptomatic relief, and some improvement in overall survival (61) . A disadvantage of this therapy is that it is ineffective in tumors that do not take up MIBG. There are also possible side effects associated with the administration of therapeutic high-dose, which can cause myelosuppression, but is usually well tolerated, with objective responses observed with high doses (61).
Peptide receptor radionuclide therapy
For treatment of tumors that do not take up MIBG, alternatives exist with the use of PRRT using SSR analogues. These have historically included high-dose octreoscan, with the more recent introduction of lutetium 177-DOTATATE and yttrium-90 DOTATATE therapy, with receptor-mediated internalization of the radiopeptide that can deliver high doses of radiation to the tumor (63) (64) (65) (66) (67) (68) . Lutetium 177 DOTATATE has been available in Europe since the 1980s and was approved in the United States more recently. Lutetium 177 has 2 gamma peaks at 113 and 208 keV, respectively, which makes it suitable for imaging with a gamma camera for post-therapeutic dosimetry. Yttrium-90 has a half-life of 2.7 days, whereas the physical half-life of lutetium 177 is about 6.7 days.
CONCLUSION
PPGLs often present a challenging clinical diagnosis due to nonspecific symptoms or lack of symptoms. Increased cross-sectional imaging has led to an apparent increase in the incidence of PPGLs, while advances in genetics have led to improved understanding of PPGLs and indicated a high incidence of associated genetic syndromes. Anatomic imaging provides a readily available tool for screening of these lesions, but lacks specificity due to their variable imaging appearance. Functional imaging provides several options for evaluating PPGLs as they constitute a rare form of neuroendocrine tumors, including but not limited to MIBG and pentetreotide as planar imaging and SPECT agents, and Ga-68 DOTATATE as a PET agent. Nuclear medicine also provides targeted molecular therapy with MIBG, and somatostatin-targeted radioactive lutetium or yttrium.
